CD8
+ T lymphocytes. Mechanical changes that accompany CD8 + T lymphocyte 28 activation and migration from circulating blood across endothelial cells into target tissue, 29 may be used as parameters for microfluidic sorting of activated CD8 + T cells. CD8 + T 30 cells were activated in vitro using anti-CD3 for a total of 4 days, and samples of cells 31
were mechanically tested on day 0 prior to activation and on day 2 and 4 post-activation 32 using a micromanipulation technique. The diameter of activated CD8 + T cells was 33 significantly larger than resting cells suggesting that activation was accompanied by an 34 increase in cell volume. While the Young's modulus value as determined by the force 35 versus displacement data up to a nominal deformation of 10% decreased after 36 activation, this may be due to the activation causing a weakening of the cell membrane 37 and cytoskeleton. However, nominal rupture tension determined by compressing single 38 cells to large deformations until rupture, decreased from day 0 to day 2, and then 39 recovered on day 4 post-activation. This may be related to the mechanical properties of 40 the cell nucleus. These novel data show unique biomechanical changes of activated 41
+ T cells which may be further exploited for the development of new microfluidic cell 42 separation systems. 43
Introduction 48
Cell-based therapies have witnessed tremendous expansion in the past two decades, 49 from curative haematopoietic stem cell transplantation for leukemias to adoptive antigen 50 (Ag)-specific CD8 + T cell immunotherapies of viral infections and cancers. CD8 + T cells 51 for adoptive immunotherapies can be generated through in vitro expansion or 52 immunomagnetic isolation of pre-existing Ag-specific lymphocytes from blood or tumor-53 infiltrating lymphocytes. The former method has the drawback of driving T cells to 54 exhaustion through repeated cycles of in vitro antigen stimulation and expansion, which 55 ultimately impacts on their efficacy to eliminate tumour or infected cells [1] . This is in 56 contrast to direct ex vivo selection which requires minimal manipulation and thus retains 57 the proliferative capacity and therapeutic functionality of the lymphocytes. 58
59
For this reason, immunomagnetic selection of fresh ex vivo cells has been adopted 60 in recent clinical trials where a small number of pre-existing circulating virus-specific 61
CD8
+ T cells can be directly selected from donor blood to target viral infections and 62 tumours in stem cell transplant patients [2] [3] [4] . This method has been used to treat 63 6 corresponding to smaller deformations to obtain a measure of the elasticity, defined as 117 the Young's modulus. This work provides important new data on the biomechanics of 118 activated CD8 + T cells which can be used for future development of microfluidic 119 separation of cells that have selectively responded to specific antigen stimulation. 120
121

Materials and Methods 122 123
Isolation, culture and in vitro activation of T lymphocytes 124
125
Peripheral blood was collected from three healthy drug-free adult donors after informed 126 consent. Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll separation. 127
The contaminating erythrocytes were removed by osmotic lysis. Briefly, 1 ml of distilled 128 water was added to the cell pellet. After 30s, 14 ml of RPMI 1640 (Sigma-Aldrich, St. 129
Louis, MO, USA) was added, and the cells were washed once. Untouched CD8 + T 130 lymphocytes were isolated by negative immunomagnetic selection, using CD8+ T Cell 131 Isolation Kit and LS columns (Miltenyi Biotec, Bergisch Gladbach, Germany), following 132 the manufacturer's instructions. Cell purity was checked using a FacsCanto II flow 133 cytometer (BD, San Jose, CA, USA) and in all the cases the CD8 + T lymphocyte purity 134 was above 90%. Enriched CD8 + T lymphocytes were resuspended in RPMI 1640 plus 135 10% foetal calf serum (Sigma-Aldrich, UK). Some cells were activated by culturing in 136 the presence of 30 ng/mL anti-CD3 antibody OKT3 (BioLegend, San Diego, CA, USA) 137 plus 600 U/mL IL-2 (Chiron, Emeryville, USA). For control samples, the non-activated
7
CD8
+ T cells were cultured in the medium for up to 4 days, and they were mechanically 139 tested on Day 0, Day 2 and Day 4. 140
141
Micromanipulation technique 142 143
The mechanical properties of resting and activated CD8 + T lymphocytes were measured 144 either immediately after harvesting (day 0) or tested 2 days or 4 days post-activation. 145
Cells were diluted with phosphate buffered saline to reduce cell density in suspension 146 and mechanical testing was completed within 3 hours using a well established 147 micromanipulation technique, the principle and details of which have been previously 148 The diameter of CD8 + T cells was directly measured from their images on a TV monitor 161 which was connected with the side view camera on the micromanipulation rig. The 162 magnification of the camera had been pre-calibrated, and the measurement of cell 163 diameter was accurate to ± 0.1m. The cell size was also evaluated by flow cytometry. 164
The enriched CD8 + T lymphocytes were stained with anti CD3/PE and 7AAD (BD). The 165 forward scatter (FSC-A) value of the 7AAD-/CD3+ cells was recorded using the 166 
Statistical analysis 211
Values for the mechanical property parameters of the lymphocytes are presented as 212 mean ± standard error. Paired Student t-tests were performed to determine significant 213 differences among the mechanical properties of different samples, with statistical 214 significance reported at the 95% confidence level (p<0.05). 215
216
Results
217
Activation of CD8 + T lymphocytes increases their cell size 218
11
The diameter of the single cells was measured from their images using the side-view 219 camera on the micromanipulator. The diameter of resting CD8+ T cells (day 0) was 6.1 220 ± 0.6 µm. This increased significantly (p<0.05) upon activation to 9.7 ± 1.1 µm on day 2 221 post-activation and remained significantly (p<0.05) greater on day 4 post-activation 222 when compared to resting cell values (Figure 2a) . There was no significant difference 223 between the activated samples at day 2 and day 4 post-activation. Changes in cell 224 diameter are also shown by the data generated using flow cytometry (Figure 2b 
No change in the mechanical properties of non-activated CD8+ T cells for up to 4 274 days 275
The diameter of non-activated T cells did not change significantly upon incubation on 276 day 2 and day 4 when cultured in the medium (Figure 7a ). There was also no significant 277 difference in the nominal rupture tension/stress between the resting samples, as shown 278 in Figure 7b . 279
Discussion 280
This novel study analysed the biomechanical properties of live lymphocytes undergoing 281 activation using a micromanipulation technique, without the need for fixing the cells. 
